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INTRODUCTION
Rubiaceae include species with floral features (morphological and energetic) related to a variety of pollinating agents including bees, butterflies, moths and hummingbirds (Passos and Sazima 1995 , Stone 1996 , Machado and Loiola 2000 , Wesseling et al. 2000 . Hummingbird pollination is frequent among the Neotropical members of this family, having been recorded for species of Hamelia, Isertia, Kerianthera, Manettia, Ferdinandusa, Psychotria, Palicourea, Pentagonia, and Sabicea (Feinsinger 1978 , Marques-Souza et al. 1993 , Passos and Sazima 1995 , Murcia and Feinsinger 1996 , Contreras and Ornelas 1999 , Buzato et al. 2000 
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Palicourea Aublet is a Neotropical genus (closely related to Psychotria, Taylor 1997) comprising about 200 species of shrubs or small trees that typically occur in the understory and subcanopy of moist to wet forest; most species exhibit floral traits consistent with hummingbird-pollination (Sobrevila et al. 1983 , Murcia and Feinsinger 1996 , Ree 1997 , Taylor 1997 , Contreras and Ornelas 1999 . According to Taylor (1997) nearly all Palicourea species are distylous.
Heterostyly is a genetic polymorphism in which plant populations are composed of two (distyly) or three (tristyly) floral morphs that differ reciprocally in the heights at which stigmas and anthers are positioned in the flowers (Barrett 1990) . Other traits commonly associated with heterostyly are self and intra-morph incompatibility and an array of ancillary floral polymorphisms (Barrett 1990) . Heterostyly has been reported in at least 28 angiosperm families (Barrett et al. 2000) ; Rubiaceae is one particularly important family in this respect, containing hundreds of heterostylous species (Barrett et al. 2000) .
In the Upper Paraná River floodplain of Brazil, Rubiaceae is among the most diverse families, including at least 22 species or about 5% of the local phanerogamic flora (Souza et al. 1997) . Palicourea crocea (Sw.) Roem. et Schult. is a common heterostylous shrub in the understory of riparian forest of that region (Souza et al. 1997, Souza and Souza 1998) . Flowers are visited by hummingbirds (Souza and Souza 1998) and P. crocea appears to be one of the few local species displaying floral features related to hummingbird pollination. Hummingbirds are the most specialized nectarivorous birds and represent both the ecologically and numerically dominant group in bird-plant interactions in the Neotropics (Stiles 1981) . Considered important components of the Neotropical fauna, hummingbirds visit and pollinate many plant species in Brazil (Mendonça and Anjos 2003) .
In this paper, we report floral morphology, nectar features, and hummingbird visitation to P. crocea in the Upper Paraná River floodplain (Brazil).
The main goals of the current study were to evaluate: (1) morphological components of heterostyly in P. crocea; (2) nectar production and standing crop patterns throughout the day; (3) response of flowers to nectar removal; and (4) behavior and visitation patterns of hummingbirds to flowers.
MATERIALS AND METHODS
Palicourea crocea bears terminal inflorescences that emerge from the foliage on flexible peduncles and are easily accessible for animals in hovering flight. Flowers are scentless, with yellow to reddish tubular corollas that contrast with the green foliage. The inflorescence branches are also brightly colored, varying from orange to red. Nectar accumulates in the enlarged basal part of the corolla tube and an internal ring of trichomes encloses the nectar chamber, separating this from the anthers and stigma (see also Souza and Souza 1998 According to the Köeppen system, the region's climate is classified as Cfa (tropical-subtropical) with an average annual temperature of 22 • C (summer average 26 • C, and winter average 17 • C), and an average annual rainfall of 1500 mm (Eletrosul 1986 ). The area lies within the phytoecological region of Seasonal Semideciduous Forest (Souza et al. 1997) , in the extreme west portion of the Atlantic Forest in Brazil (Simões and Lino 2002) . Porto Rico island has been heavily deforested, leaving only 3 small forest fragments which occupy about 6.17 ha. The study was conducted in a remnant of riparian forest. At the study site, P. crocea is especially abundant in areas subject to flooding, where individuals are usu-
HUMMINGBIRDS AT Palicourea crocea FLOWERS
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ally clumped in distribution and sometimes occur in dense patches. A population of P. crocea with more than 100 individuals in a single patch was chosen for observations. Floral traits were observed in the field. Floral measurements (Fig. 1) were made on fresh or fixed material (70% ethanol). A digital caliper (accuracy to 0.01 mm) was used to measure: (1) corolla length, (2) stigma height (with stigma lobes closed and held vertically), (3) anther height (to tip of anther), (4) stigma lobes length, and (5) anther length. The difference between stigma and anther heights (6) was calculated for each flower as the absolute value of anther height less stigma height (Faivre and McDade 2001) . Time and length of anthesis were observed in 15 flowers from four individuals tagged at the bud stage. Cumulative nectar production during the day was assessed on 19 October 2002. Flowers were bagged in mosquito netting at bud stage to prevent visits from animals and nectar was sampled at twohour intervals beginning at 0800h and continuing until 1800h. Flowers were sampled destructively, thus different sets of flowers (N = 9-13 flowers) were used in each removal period. We measured nectar volume per flower (in µl) and sugar concentration (% sucrose, wt/total wt) in all samples. The former was obtained by using graduated microliter syringes (Hamilton) and sugar concentration was measured with a hand refractometer (Atago, 0-32%). The amount of sugar produced was denoted in mg per flower after Bolten et al. (1979) and converted to joules assuming that 1mg of sugar yields 16.8 joules (Dafni 1992) . The results of cumulative nectar production yielded data to indicate the maximum amount of nectar that unvisited flowers could produce throughout the day. We did not observe any mites in flowers. Thus, nectar values obtained in the study are likely to represent the actual values of nectar produced. Nectar standing crop, the amount of nectar available to visitors, was evaluated three times a day (0800, 1300, and 1800h) in flowers exposed to foragers (N = 12-16 different flowers per sample). Samples were taken on 18 October and repeated on 24 October.
The response of flowers of P. crocea to nectar removal was evaluated on 29 October. Flowers (N = 10-13) were subjected to one of the following three treatments, simulating legitimate visits by pollinators (see McDade and Weeks 2004b) : (1) removal of nectar at 2-h intervals between 0800h and 1800h; (2) removal at 5-h intervals (0800, 1300, and 1800h); and (3) removal of nectar only once, at 1800h (control). For each removal schedule, total nectar production was the sum of volumes removed over the course of the day, whether six, three or one times. In all treatments flowers were tagged at bud stage for identification and bagged to prevent visits from animals. Nectar was extracted without removing the flowers from the plant, thus extreme care was taken to avoid damaging the nectaries or other floral structures. The repeated nectar samples also allowed us to observe the pattern of nectar secretion for comparison to the cumulative nectar data.
Observations were carried out in November 2001 and from October to November 2002 (from 0700-1800h), for a total of 87 hours. Hummingbirds were observed directly or with binoculars and photographed for analyses of their visiting behavior. Identification was based on Grantsau (1988) . We recorded hummingbird species, the time birds entered and left the floral patch, the duration of each foraging bout, the number of flowers probed per bout, the way hummingbirds removed the nectar and the height of inflorescences visited. All agonistic interactions observed were also recorded. Visitation rates were defined as the number of visits recorded in relation to the total time of observation, and expressed in bouts per hour.
All data were tested a priori for normality (Shapiro-Wilk's test) and homogeneity of variances (Levene's test). Parametric statistics were used whenever possible. Differences in morphological attributes, nectar volume, and nectar concentration between floral morphs of Palicourea crocea were evaluated by t-test. The Chi-square test (χ 2 ) was used to evaluate the proportion of individuals in the studied population with flowers of each morph. Nectar production and standing crops at different times of the day were compared by analyses of variance (one-way ANOVA or Kruskal-Wallis nonparametric ANOVA). The effects of nectar removal on total volume of nectar produced by the sets of flowers submitted to different removal schedules were compared by one-way ANOVA. Differences in rates of hummingbird visitation to P. crocea among time intervals were evaluated using the Chi-square test. The Mann-Whitney U -test was used to compare the duration of each feeding bout and the number of flowers probed per bout by different hummingbird species. Hummingbird body mass data were obtained in Grantsau (1988) .
RESULTS
Palicourea crocea flowers are distylous; stigmaanther position divided the plants into two distinct morphs: short-styled (SS) flowers, with a short style and long stamens, and long-styled (LS) flowers, with the complementary arrangement. The studied population had an approximately 1:1 ratio of the morphs (χ 2 = 0.10, df = 1, P = 0.75; N = 40). The stylestamen dimorphism on P. crocea flowers was accompanied by other inter-morph variations in corolla length, anther length, and stigma lobe length (Table I). Short-styled flowers had significantly longer corollas and anthers than LS flowers. Stigma lobes were notably distinct in the two morphs regarding both length and form; SS had straight, longer stigma lobes, whereas LS flowers had curved, shorter stigma lobes. We did not observe strict reciprocity in the position of stigma and anthers between floral morphs; the difference between heights of stigma and anthers within individual flowers was greater for SS than LS flowers (Table I) .
Anthesis was diurnal and seemed to be synchronous. P. crocea flowers were opened at dawn at which time pollen and nectar were already available. Each individual flower lasted for approximately one day. After flower opening, corollas become progressively more reddish. Next morning, the corollas, now slightly wilted, had fallen from the plant or could be readily dislodged by touch.
The main blooming period of P. crocea was during the rainy season, from October to December. The peak was in November when up to 90 percent of the individuals bore buds or developing inflorescences and about 68 percent of them had open flowers (N = 50). However, a few plants flowered at different times and throughout the year a few individuals could be found in flower (Fig. 2) . Each day, one to ten flowers opened per inflorescence and, during the blooming peak, a mean of 51. Cumulative nectar production in bagged flowers of P. crocea during the day is shown in Table II . Most of daily nectar volume was secreted before 1000h. Mean sugar concentration remained relatively constant throughout the day. By the end of the day, bagged flowers accumulated a mean (± SD) of 14.6 ± 4.2 µl of nectar with a mean sugar concentration of 24.4 ± 1.5%, corresponding to an average daily production of 66.5 joules per flower. Long-styled and short-styled flowers produced similar nectar volumes (t = 0.28, P = 0.78; N = 8 SS and 5 LS) and concentrations (t = 1.40, P = 0.19). Thus, results of all nectar samples for SS and LS flowers are presented together. Average nectar volume per flower did not differ statistically among sets of flowers submitted to different removing schedules (Table III) .
In flowers exposed to foraging animals, nectar standing crop was almost 50% less than in bagged flowers, presumably due to consumption by visitors. Both nectar volume, concentration, and mean energy content (joules per flower) did not change significantly over the day (Table IV) . As shown by CVs, there was a high variation among flowers at any one time regarding volume and joules per flower. The number of flowers containing no nectar increased throughout the day. By the end of the day (1800 h), at least 40% of the sampled flowers had no nectar and, in contrast, a few flowers that presumably had not recently been visited had standing crops with up of 3 mg of sugar. Sugar concentrations on October 18 were lower than on October 24 (U = 198; P < 0.01); this probably occurred because temperature was lower in the first day (25 • C) than in the second day of sampling (30 • C). Three hummingbird species were observed: the Gilded Sapphire (Hylocharis chrysura Shaw, 1812), the Black-throated Mango (Anthracothorax and 32.5% of the total observed visits, respectively), whereas C. aureoventris was sporadic, accounting for only 3 percent of visits. In about 1.8 percent of the visits it was not possible to identify the bird to species. Besides hummingbirds, some unidentified robbing bees, and diurnal moths and butterflies which visitation to flowers may result in some pollen transfer were observed feeding at flowers. Hummingbirds visited the observed clump of P. crocea at about two visits per hour. H. chrysura visited the flowers more frequently than A. nigricollis (Table V) . Time of day was not related to number of visits per hour (X 2 = 0.93, df = 10, P = 0.999), given that visitation rates were relatively constant throughout the day. While probing for nectar, hummingbirds consistently touched anthers and stigmas with their bills and, due to the existence of LS and SS morphs, we observed that pollen loads were placed on two different portions in the beaks. Nevertheless, we occasionally observed H. chrysura individuals rubbing their bills against branches which likely removed pollen (10% of its visits; N = 106). This behavior was observed only once in a female A. nigricollis.
Hylocharis chrysura foraged haphazardly at flowers situated at different heights, whereas A. nigricollis most often visited the upper inflorescences; in only seven percent of the observed visits (N = 43) did individuals of A. nigricollis forage on low flowers (< 1 m high). Body mass was related to number of flowers probed and time spent per foraging bout. The larger A. nigricollis explored a significantly higher number of flowers per bout than H. chrysura and, likewise, stayed longer on the floral patch (Table V) .
After visiting the flowers, hummingbirds either (a) flew away from the floral patch (H. chrysura = 41% of 73 visits, A. nigricollis = 59.5% of 37 visits) or (b) perched in shrubs or trees in the vicinity. In the second case, hummingbirds flew away soon afterwards or visited the flowers again. Only ten agonistic interactions were recorded (0.06 displacements per visit, N = 169), the majority between conspecifics (7 of 10). Anthracothorax nigricollis was the dominant species in interspecific encounters (N = 2). Hylocharis chrysura chased a butterfly once.
No hummingbird species was recorded at the study site other than those visiting P. crocea. In addition to P. crocea, individuals of all three species were observed taking nectar from flowers of Inga vera (Mimosaceae) on the island and in adjacent areas. Hummingbird presence on the island was apparently related to the blooming periods of P. crocea and I. vera. Between May and July, when neither species was in flower, no hummingbirds were recorded at the study site.
DISCUSSION
The floral features of Palicourea crocea (brightcolored inflorescences, tubular corollas, scentless, dilute nectar) probably reflect adaptations to ornithophily (Faegri and van der Pijl 1979, Proctor et al. 1996) , given that most are similar to those reported for other hummingbird-pollinated Rubiaceae, such as Ferdinandusa speciosa (Castro and Oliveira 2001) , Manettia luteo-rubra (Passos and Sazima 1995), Psychotria nuda (Buzato et al. 2000) , and other species of Palicourea (Sobrevila et al. 1983 , Ree 1997 , Contreras and Ornelas 1999 . However, the flower size of P. crocea makes nectar accessible to other visitors, such as diurnal moths and butterflies, which perhaps have some participation in pollination.
We found two distinct classes of anthers and stigma height for SS and LS flowers of P. crocea that were accompanied by between-morph variation in ancillary features of heterostyly (corolla length, stigma lobe length, anther length). The dimorphism in style and stamen heights recorded for P. crocea, as well as the other morphological differences be- tween SS and LS flowers, has been reported for other members of Palicourea (Sobrevila et al. 1983 , Feinsinger and Busby 1987 , Ree 1997 , Taylor 1997 , Contreras and Ornelas 1999 and probably promotes outcrossing (Barrett 1990) . Besides the physical separation between anthers and stigma, most distylous species have an intramorph incompatibility system Busby 1987, Stone 1996) . Regarding reciprocal positioning of anthers and stigma, P. crocea deviated significantly from the expectation for distylous species; separation between anther and stigmas was greater for SS flowers than LS flowers, perhaps due in part to the longer corolla length of SS flowers. Differences in anther/stigma separation between SS and LS flowers have been reported for other Rubiaceae such as Gaertnera vaginata (Pailler and Thompson 1997) , Psychotria poeppigiana and P. chiapensis (Faivre and McDade 2001) , and Sabicea cinerea (Teixeira and Machado 2004) but, in these cases, separation between anthers and stigma was greater in LS flowers than in SS flowers.
The flowering phenology of P. crocea resembles that of other hummingbird-pollinated species, such as Hamelia patens and Barbacenia flava (Sazima 1977), displaying a definite blooming peak but with some flower production throughout the year. Although the main blooming period of the studied population was not long, P. crocea appears to represent an important nectar source for short-billed hummingbirds and other animals in the Upper Paraná River floodplain due to its abundance, numerous flowers and nectar features. The values of nectar volume and sugar concentration in flowers of P. crocea are within the range of those reported previously for hummingbirdpollinated plants (Opler 1983, McDade and Weeks 2004a) . Nectar characteristics did not differ significantly between SS and LS flowers; thus, they are likely to reward pollinators equally.
Plant species studied thus far are variable in their response to nectar removal by foragers. Nectar removals have been reported to stimulate, have a neutral effect, or reduce nectar secretion , Gill 1988 , Bernardello et al. 1994 , Pio-54 LUCIANA B. MENDONÇA and LUIZ DOS ANJOS vano et al. 1995 , Torres and Galetto 1998 , Navarro 1999 , Freitas and Sazima 2001 , Castellanos et al. 2002 , Langenberger and Davis 2002 , McDade and Weeks 2004b . For P. crocea flowers, removals had no effect on reward volume; flowers submitted to different removing schedules produced similar amounts of nectar. Thus, it is likely that the rate of nectar production by flowers of P. crocea is unaffected by hummingbird visits. For P. croceaand other species with flowers that do not respond to nectar removal or have floral nectar significantly depleted by flower mites -measurements of nectar accumulation in unvisited bagged flowers provide accurate estimates of the potential energetic value of a flower to hummingbirds.
The patterns of nectar availability (standing crop) are determined by both nectar secretion and animal visitation rates (Torres and Galleto 1998). Perhaps on account of the high number of P. crocea shrubs in the clump and the fact that nectarivores usually visit only a small proportion of flowers available in large patches (e.g. Goulson 2000), nectar standing crop (although almost 50% less than in bagged flowers), did not vary significantly throughout the day. It is also possible that the observed high variation among flowers sampled at any one hour made it difficult to detect differences.
Based on hummingbird visiting behavior and bill length in relation to flower morphology, all three species are potential pollinators of P. crocea. Taking into account the frequency of visits, H. chrysura and A. nigricollis are the most effective hummingbird pollinators. Hylocharis chrysura individuals were occasionally observed cleaning their bills by rubbing them against a branch, a behavior that could reduce pollen transfer (Ree 1997) and thus the efficiency of pollination by birds of this species.
Nectarivores are sensitive to nectar availability in flowers and can respond to variation in nectar supplies by changing their foraging behavior (e.g. Quirino and Machado 2001) . In the present study, constant nectar standing crop probably allowed hummingbirds to maintain their activity (visitation rates) at P. crocea flowers at the same level throughout the day.
Anthracothorax nigricollis probed considerably more flowers per bout than H. chrysura perhaps due to its larger mass and energetic requirements. The 24-hour energy costs for a H. chrysura weighing 4g is estimated to be 34.4 kJ whereas for an A. nigricollis weighing 7g it is calculated to be 43.3 kJ. (see McMillen and Carpenter 1977) . Such values correspond to the energy supplied by 518 and 651 P. crocea flowers each producing 66.5 J, respectively. However, H. chrysura visited the flowers twice as frequently as A. nigricollis, which resulted in similar number of flowers probed per day (X ² = 0.24; df = 1; P = 0.63). Thus, H. chrysura seems to be a pollinator as suitable as A. nigricollis for P. crocea in the study site. Considering the average number of flowers that open per individual each day, hummingbirds would need to visit many shrubs in order to satisfy their energetic demands; movement of birds between shrubs should results in inter-plant pollen flow. This, associated with occurrence of distyly, may favor outcrossing.
Based on the spatial arrangement, number of flowers per plant, floral morphology and reward, P. crocea could be classified as a clumped moderate flower (sensu Feinsinger and Colwell 1978) that would chiefly attract hummingbirds that are territorialists or territory-parasites (Feinsinger and Colwell 1978) . Both H. chrysura and A. nigricollis exhibited territorial behavior, such as perching near the flowers and signaling their presence by vocalizations, visual displays and, on some occasions, aggressive attacks. Agonistic displacements were, however, uncommon perhaps due to the high abundance of flowers.
On Porto Rico island, P. crocea was apparently the only plant species with floral traits related to bird pollination and flower availability was in general low. This could explain the small number of hummingbird species recorded, as well as their absence at certain times of the year. Compared to other Atlantic Forest Sites in Brazil (Sazima et al. 1996 , Buzato et al. 2000 , the richness of ornithophilous species in the Upper Paraná River floodplain appears to be low (pers. obs.), as do hummingbird species richness and abundance (Anjos and Seger 1988 , Straube et al. 1996 , Gimenes and Anjos 2004 .
Besides P. crocea, hummingbirds were observed in the study site visiting only Inga vera, a species that does not display floral traits related to ornithophily, but appears to be another important nectar source to hummingbirds. The hummingbird visitation to P. crocea flowers, combined with its nectar features and the low availability of other ornithophilous plants in the study area, suggests that the species is an important resource for short-billed hummingbirds in the study area. Similarly, the activity of these birds on flowers, together with their foraging behavior and morphology, indicate that H. chrysura and A. nigricollis are likely important pollinators of P. crocea.
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